We explore the impact of deep ductile shear zones on post-seismic deformation following a finite length strike-slip earthquake. We show that the pattern of post-seismic vertical surface deformation surrounding the fault is a discriminant for the existence of high viscosities immediately below the seismogenic layer, regardless of whether the model contains purely distributed creep or also includes a component of localized creep at subseismogenic depths. Post-seismic deformation characterized by initially fast relaxation followed by a slower relaxation is predicted by models that include both localized creep in a subseismogenic shear zone and distributed creep in the surrounding region, even if they only contain steady Maxwell viscoelasticity. This post-seismic deformation is similar to that in models that approximate the ductile lithosphere and/or asthenosphere with Burgers viscoelasticity. We find that the post-seismic deformation following the 1997 M w 7.6 Manyi, China, earthquake, is consistent with a post-seismic model composed of a lower Maxwell viscoelastic region with viscosity 10
I N T RO D U C T I O N
Surface deformation following large, upper crustal continental earthquakes exhibits a rich transient behaviour continuing for up to a decade (e.g. Ergintav et al. 2009; Bell et al. 2010) , or possibly several decades (e.g. Hetland & Hager 2003; Kenner & Segall 2003; Nishimura & Thatcher 2003) . The earliest transient postseismic deformation is most commonly attributed to localized slip on the upper crustal fault or an extension of the seismogenic fault in the lower crust, either as a distinct fault or a narrow shear zone (e.g. Marone et al. 1991; Bürgmann et al. 2002; Kenner & Segall 2003; Montési 2004; Freed et al. 2006; Barbot et al. 2009; Hearn et al. 2009 ). Many after-slip models are kinematic, inverting geodetic data for a smooth distribution of fault slip (e.g. Bürgmann et al. 2002; Ryder et al. 2007) , although there are an increasing number of models that include stress-driven after-slip on velocity strengthening faults (e.g. Barbot et al. 2009; Hearn et al. 2009; Johnson et al. 2009 ). These velocity strengthening models typically predict that after-slip becomes increasingly less important on post-seismic deformation during the first year or so following the earthquake (Marone et al. 1991; Hearn et al. 2002) . Distributed lower crust * Now at: State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China 100029. and/or upper mantle creep is then appealed to in order to describe later phases of post-seismic deformation (e.g. Hearn et al. 2009 ), although some researchers have used distributed creep to describe deformation throughout the entire post-seismic period (e.g. Pollitz 2003; Freed & Bürgmann 2004; Ryder et al. 2007) .
Distributed post-seismic creep is most commonly approximated by Maxwell viscoelasticity (e.g. Hager et al. 1999; Hearn et al. 2002; Hetland & Hager 2003; Kenner & Segall 2003; Nishimura & Thatcher 2003; Lundgren et al. 2009 ), although transient viscoelasticity (e.g. Pollitz 2003; Ryder et al. 2007; Hearn et al. 2009; Freed et al. 2012; Meade et al. 2013 ) and stress-dependent, powerlaw creep (e.g. Freed & Bürgmann 2004 ) have also been used. Maxwell viscoelasticity is parametrized by a single steady relaxation time, equal to the Maxwell viscosity divided by the elastic shear modulus (e.g. Findley et al. 1976) . The most common transient viscoelastic rheologies used in post-and interseismic deformation models are Burgers and Zener (the latter is commonly referred to as a standard linear solid). Burgers viscoelasticity is constructed as a Maxwell viscoelastic model in series with a Kelvin-Voigt viscoelastic model. Burgers viscoelasticity is bi-viscous, with a steady viscosity in the Maxwell component and a transient viscosity in the Kelvin-Voigt component (e.g. Findley et al. 1976 ). This bi-viscous behaviour is manifest in two relaxation timescales. The transient relaxation of the Kelvin-Voigt component is often referred to as a delayed elasticity and is fully recoverable (e.g. Findley et al. 1976 ).
Zener viscoelasticity is constructed as a Kelvin-Voigt viscoelastic model in series with elasticity, and thus is uni-viscous with only a transient relaxation timescale. Zener viscoelasticity is the limit of Burgers viscoelasticity when the steady Maxwell viscosity is much larger than the period over which the system is observed.
Numerous exhumed lower crust and/or uppermost mantle shear zones have been extensively described in the geological literature (e.g. Vauchez & Tommasi 2003) . Geophysical observations also strongly suggest the existence of shear zones extending below major continental strike-slip faults, including vertically offset Moho depths (e.g. Zhu & Kanamori 2000) , magnetotelluric surveys (e.g. Unsworth & Bedrosian 2004) and non-volcanic tremor in the lower crust which may be indicative of localized creep (Shelly & Hardebeck 2010) . However, the existence of a shear zone in the lower crust does not preclude the possibility that the surrounding lower crust might also creep in a distributed manner during the post-seismic period (Montési 2013) . In contrast, the majority of post-seismic models approximate the ductile lithosphere (i.e. the lower crust and uppermost mantle, and for brevity we include the asthenosphere in our use of 'ductile lithosphere') using one or two homogeneous viscoelastic layers overlying a viscoelastic substrate (e.g. Hetland & Hager 2003; Kenner & Segall 2003; Nishimura & Thatcher 2003; Pollitz 2003; Ryder et al. 2007) . Although some models consider a more robust depth-dependence of viscoelastic properties (e.g. Freed & Bürgmann 2004; Freed et al. 2006; Hines & Hetland, 2013) . Lateral heterogeneity has been shown to be important in models of post-and/or interseismic deformation (e.g. Hager et al. 1999; Kenner & Segall 2003; Lundgren et al. 2009 ), including localized lower crustal shear zones (e.g. Johnson & Segall 2004; Hearn et al. 2009; Johnson et al. 2009 ).
Measuring vertical post-seismic surface deformation is particularly desirable, as it is often considered that the vertical deformation has discriminating power regarding the mechanisms that coseismic stresses are relaxed at depth (e.g. Yang & Töksoz 1981; Pollitz et al. 2001; Hearn 2003; Feigl & Thatcher 2006) . For instance, it has been argued that the pattern of post-seismic uplift/subsidence surrounding the fault can be a discriminant between localized and distributed creep at depth (e.g. Pollitz et al. 2001; Hearn 2003; Feigl & Thatcher 2006) . In this paper, we show that the pattern of post-seismic uplift and subsidence is not a discriminant for localized versus distributed creep at depth, but rather is indicative of the vertical gradients of viscosities at depth. Specifically, we show that when there are high viscosities immediately below the seismogenic layer, with viscosity decreasing at greater depths, the pattern of post-seismic vertical deformation changes polarity compared to when the subseismogenic region is homogeneous. Additionally, we show that when both localized creep in a low viscosity shear-zone at depth and distributed creep in a higher viscosity surrounding region are considered, the post-seismic deformation has an initial fast phase of relaxation due to the localized creep in the shear zone followed by a slower phase of relaxation due to the distributed creep outside the shear zone. This pattern of deformation is similar to post-seismic deformation predicted by a model with a homogeneous bi-viscous Burgers lower substrate.
The post-seismic deformation following the M w 7.6 1997 Manyi earthquake provides a good illustration of the potential duality between homogeneous transient viscoelasticity and lateral heterogeneity of Maxwell viscoelasticity. Using the Manyi coseismic slip model of Funning et al. (2007) and the modelling program VISCO1D (Pollitz 1992) , Ryder et al. (2007;  which we refer to as 'R07' throughout this paper) found that the 4 yr of post-seismic deformation following the Manyi earthquake were best described using a model composed of an elastic upper crust overlying an homogeneous Zener viscoelastic region. R07 relied exclusively on ERS-2 derived InSAR measurements of the post-seismic deformation following this remote earthquake ( Fig. 1 ; we refer readers to R07 for details of the InSAR processing). The largest post-seismic deformation expected from a strike-slip earthquake is horizontal, although the InSAR line-of-sight (LOS) measurements are highly inclined and thus are very sensitive to vertical deformation. R07 found that a model with homogeneous Maxwell substrate predicted roughly similar deformation as the Zener viscoelastic model, although the post-seismic deformation predicted by the Zener model closest matched the temporal decay of the deformation measurements. In the preferred Zener viscoelastic model of R07, which we refer to as the 'RZV model', the elastic shear modulus, μ M , is 5 × 10 10 Pa, the transient shear modulus, μ K , is 2.4 × 10 10 Pa, and the transient viscosity, η K , is 4 × 10 18 Pa s. A Zener viscoelastic model is equivalent to a Burgers viscoelastic model with a steady relaxation timescale longer than the time period of observation. Indeed, Ryder et al. (2011) re-examined the Manyi post-seismic deformation and found a Burgers rheology with steady viscosity of 10 19 Pa s (equivalent to a relaxation timescale on order 10 yr) could also describe the observations as long as η K = 5 × 10 17 Pa s. R07 also considered models in which the post-seismic deformation was due to kinematic after-slip at depth in an entirely elastic medium, and found that while this after-slip model predicted similar horizontal deformation as a viscoelastic model, the after-slip and viscoelastic models produced vertical deformation with the Shear zones and post-seismic deformation opposite sense (i.e. with uplift/subsidence roughly interchanging in the models with different mechanisms). Bell et al. (2010) found transient post-seismic deformation at the cm yr −1 level continues for more than a decade following the Manyi earthquake, and Ryder et al. (2011) argued that post-seismic deformation continuing this long was unlikely to be due to after-slip and rather was indicative of distributed deformation.
We do not disagree with the conclusion of R07 and Ryder et al. (2011) that the post-seismic deformation following the Manyi earthquake is unlikely to be pure after-slip. However, it is worth noting that after-slip on a deep extension of the fault in an elastic lithosphere is essentially an end-member model of lithosphere rheology, with the opposite end-member being pure distributed creep in a homogeneous viscoelastic substrate. Here, we argue that after-slip on a infinitely thin fault embedded in an elastic medium is not necessarily equivalent to localized post-seismic creep in a shear-zone. A model including both a low viscosity shear zone beneath the strikeslip fault and a higher viscosity surrounding lithosphere, akin to the banana split model of lithospheric strength proposed by Bürgmann & Dresen (2008) , may be a third possibility to describe the Manyi post-seismic deformation. Owing to the single component of along LOS deformation detected by InSAR, the vertical and horizontal components of post-seismic deformation cannot be resolved and there may be a resulting ambiguity with regard to the mechanism of post-seismic relaxation at depth. Here, we show that it is reasonably easy to formulate a post-seismic model containing only Maxwell viscoelasticity at depth that produces very similar post-seismic deformation as in the RZV model, as long as it includes both relatively localized creep in a finite thickness shear zone and more distributed creep in the surrounding region.
N U M E R I C A L M O D E L S O F P O S T -S E I S M I C D E F O R M AT I O N
We only consider the time-dependent response to coseismic stress perturbations, and do not include cumulative post-seismic effects from any past earthquakes or any reloading process. In this section, we describe the geometries, elastic moduli and the coseismic slip assumed, while in the following section we specify the viscosities of the models. Additionally, we describe the codes used to solve for the post-seismic deformation in this section.
All of our models are composed of an elastic layer representing the seismogenic crust, overlying a viscoelastic substrate representing the ductile lithosphere. The spatial dimensions of all models scale with the thickness of the elastic layer. Except in the models that are meant to approximate the post-seismic deformation following the 1997 Manyi earthquake, we consider the post-seismic response to a 80 km long, vertical strike-slip fault with 1 m of uniform slip from the surface to 20 km depth, the thickness of the upper elastic layer. This uniform slip corresponds to about an M w 7.1 earthquake for a shear modulus of 30 GPa. The post-seismic deformation scales linearly with the magnitude of coseismic offset. For instance, for 5 m of uniform slip (corresponding to about an M w 7.5), the post-seismic velocities would be five times larger; however, as our conclusions are only based on the relative differences between post-seismic deformation models, a different coseismic offset will not affect the conclusions. In the Manyi post-seismic models, we use the geodetically constrained coseismic slip model from Funning et al. (2007) , which is the same coseismic slip model used by R07. We set the thickness of the upper elastic layer to be 15 km in the Manyi post-seismic models. This thickness was also used by R07 and was primarily motivated by the coseismic slip model of Funning et al. (2007) .
We consider models in which the lower viscoelastic substrate is either homogeneous or is composed of a few laterally homogeneous layers and/or a 5-10 km wide shear zone below the fault. Although the ductile lithosphere is most likely deforming in power-law, dislocation creep (e.g. Kohlstedt et al. 1995) , possibly including both steady and transient modes of deformation (Freed et al. 2012) , we only consider models with linear viscoelasticity (e.g., Maxwell, Zener, Burgers) and we leave exploration of stress-dependent creep to a subsequent study. The shear zone trends along the strike of the fault and extends to the base and edges of the model domain. We assume a Poisson ratio of 0.25 and a uniform shear modulus of 30 GPa throughout the entire model. The viscosities we use are specified in the following section.
We compute the time-dependent post-seismic deformation in all models containing only Maxwell viscoelasticity using the 3-D semianalytic program RELAX (Barbot & Fialko 2010) , maintained and distributed by the Computational Infrastructure for Geodynamics. RELAX is based on a fast Fourier transform (FFT) of the spatial coordinates, which essentially results in mirror boundary conditions on the model domain boundaries. We use a fault-centred model domain 2048 × 2048 km in lateral extent and 1024 km deep, with a spatial sample spacing of 2 km. This model domain size minimizes the aliasing from the fictitious faults resulting from the mirror boundary conditions in this FFT-based solution. In the models applied to the Manyi earthquake, the model domain is 1024 × 1024 km and 512 km deep and use a spatial sample spacing of 1 km. We require the smaller sample spacing in these models to accurately model the post-seismic response due to the non-uniform coseismic slip distribution inferred for the Manyi earthquake , while the smaller model domain is chosen for computational tractability; however, we found that the aliasing introduced in the spatial FFT was small when using the relatively compact Manyi coseismic slip distribution, compared to uniform slip over an 80 × 20 km fault. Our RELAX models required just under 55GB of memory and took on order 1 d to compute on a circa 2008 computational node, and we found the RELAX user manual's caution to use the largest models that will fit in available computational resources (Barbot 2012) to be particularly important when developing these models.
We use the 2-D analytic model of Hetland & Hager (2005) and the code VISCO1D (Pollitz 1992) to compute the post-seismic deformation in models that contain Zener and Burgers viscoelasticity. The model of Hetland & Hager (2005) is of the post-and interseismic surface deformation due to an infinite length, vertical strike-slip fault. We use this 2-D model only in our general illustration of the similarly of the time dependence of deformation in a Maxwell viscoelastic shear-zone model and a homogeneous Burgers viscoelastic substrate. The low computational cost of the 2-D modelling technique (each model takes less than two seconds to evaluate), allows a large range of material parameters to be tested. VISCO1D is a 3-D spherical harmonic based technique, and can include Zener and Burgers viscoelasticity, but does not include lateral heterogeneities in viscosities. We use VISCO1D only to compute the post-seismic response in model RZV. Beyond the practical issue that RELAX can not currently include Zener or Burgers viscoelasticity, our motivation for using VISCO1D is because R07 also used VISCO1D, and thus its use allows us to best reproduce their preferred model. 
C O M PA R I S O N O F P O S T -S E I S M I C D E F O R M AT I O N M O D E L S
It has been argued that the polarity of vertical post-seismic surface deformation (i.e. the pattern of uplift/subsidence surrounding the fault) can be a discriminant between localized and distributed mechanisms of deformation at depth (e.g. Pollitz et al. 2001; Hearn 2003; Feigl & Thatcher 2006) . We first investigate this claim by considering a suite of idealized models with and without shear zones, focusing on the polarity of vertical deformation. We then investigate the time-dependent post-seismic deformation predicted in models with and without shear zones. Finally, we propose a Maxwell viscoelastic post-seismic model with a shear zone, that is equivalent to the preferred Zener viscoelastic model of R07 to describe the post-seismic deformation following the Manyi earthquake.
Localized versus distributed post-seismic deformation
We consider several idealized post-seismic models with a 20 km thick elastic layer overlying a Maxwell viscoelastic substrate, that is either homogeneous or heterogeneous with respect to the Maxwell viscosity. The spatial dimensions of the models scale with the thickness of the elastic layer, and thus the particular choice of 20 km does not affect the conclusions we draw from comparing post-seismic deformation in different models in this subsection. Additionally, we consider a fully elastic model in which post-seismic deformation is due to uniform slip on an 80 km long, vertical strike-slip dislocation immediately below the coseismic fault and and extending 10 km in depth (which we refer to as the 'AS model', as it is motivated by models of post-seismic after-slip). We use the model of Okada (1985) to compute the deformation in the AS model, and we use RELAX to compute the post-seismic response in all Maxwell viscoelastic models. In the homogeneous Maxwell models, we assume that the viscosity of the region below the upper elastic layer is η hs = 10
19 Pa s (model HS19, i.e. homogeneous substrate model with viscosity 10 19 Pa s) or η hs = 10 20 (model HS20; Table 1 ). The heterogeneous models consist of either a 10 km thick high viscosity layer beneath the elastic upper layer (model SLC, as this high viscosity layer might correspond to a strong lower crust), a 10 km wide shear zone with viscosity 10
18 Pa s (model SZn, signifying a shear-zone, with viscosity of the surrounding medium of 10 n Pa s), or both (the 'SLC+SZ model'). The thickness of the high viscosity layer in the SLC models and the width of the shear zones in the SZ models was chosen so that the dimensions of these features was comparable to the thickness of the upper elastic layer. We define the viscosities of the upper viscoelastic layer and shear zone to be η lc and η sz , respectively, and the values of viscosities in all of these demonstration models are given in Table 1 . We note that time and the Maxwell relaxation times (viscosity divided by elastic shear modulus) scale together in these models. For example, all results shown in this paper would be identical to those from models with all viscosities increased ten times as long as time is also scaled by ten.
In Fig. 2 , we show the post-seismic deformation in the heterogeneous Maxwell viscoelastic models 6 months following the earthquake, along with the coseismic deformation and deformation due to the uniform dislocation at depth in the AS model. In all cases, the deformation in each model is normalized in order to focus on systematic variations in the pattern of deformation and not on the differences in magnitudes of deformation. The latter is focused on in subsequent figures. The post-seismic deformation in the after-slip and shear zone models are similar ( Fig. 2b and d) . The polarity of the vertical deformation in the AS model is the same regardless of the depth that of the after-slip. The consistency of the deformation between the AS and SZ models is expected, as the after-slip model is just a buried dislocation, and in the shear zone model creep is largely localized within the shear zone which can be roughly considered as analogous to stress driven after-slip on a fault at depth (see also Hearn 2003) . Both models with localized slip show much smaller wavelength of post-seismic deformation as that in the models that include significant distributed post-seismic creep (Fig. 2) . Additionally, there are slight differences in the horizontal, fault normal component of post-seismic deformation in models with and without shear zones (Hearn 2003) .
The polarity of the vertical deformation in models AS and SZ20, as well as HS19, is the same (Fig. 2) , and is similar to the polarity of near-field coseismic deformation (Fig. 2a) . In contrast, the polarity of vertical deformation in model SLC is opposite to that of models AS, SZ20 or HS19 (Fig. 2e) . In the SLC model, post-sesimic creep is suppressed in the higher viscosity layer immediately below the fault, where both the magnitudes and gradients of coseismic stresses are greatest, while post-seismic creep in the lower viscosity deeper region dominates. The resulting pattern of vertical surface deformation is similar polarity as the far-field coseismic deformation. In the SLC+SZ model only the long wavelength pattern of post-seismic deformation, reflecting the deeper distributed creep in the lower substrate, is reversed polarity, whereas a shorter wavelength, near-field post-seismic deformation, reflecting shallow, localized creep on the shear zone, is the same polarity (Fig. 2f) . During the post-seismic period, the near-field deformation disappears as the importance of the localized creep decreases and the distributed creep increases, leaving a post-seismic vertical deformation similar to that in the SLC model (Fig. 3) .
The polarity of the vertical post-seismic surface deformation in models with highly viscous layers immediately below the elastic layer depends on both the thickness of the high viscosity layer, H, and the viscosity of the layer, η lc , relative to the substrate, η hs . As either η lc or H decreases, the magnitude of the horizontal postseismic deformation increases, but the pattern remains largely unchanged with some slight changes to the fault-normal deformation (Fig. 4) . However, as the thickness of the middle layer decreases, the magnitudes of the vertical deformation decreases and the polarity of the vertical deformation in the far-field becomes similar to as in the model HS19. For example, in Fig. 4 we show post-seismic deformation in models with a middle layer 25 per cent or 10 per cent of the elastic layer thickness, both with a viscosity of the middle layer 1.5 orders of magnitude larger than the substrate. The magnitude of the vertical deformation decreases and the polarity of the verticals reverses to the polarity of verticals in the homogeneous substrate models, although with much lower magnitude (cf. Table 1 for model parameters) during specified time periods. Black line is the trace of the coseismic fault, and colourscale is common to all time windows. and 4b). An abrupt viscosity decease of 1.5 orders of magnitude at a discrete depth may not be a realistic representation of the ductile lithosphere. In a model with a more gradual decrease in the viscosities with depth, the magnitude of the verticals is larger and the polarity is similar to as in the SLC models (Fig. 4c) , and opposite to the polarity of the vertical deformation in either models HS19 or SZ20 (Figs 2c-d) .
Heterogeneous Maxwell viscosity versus transient viscoelasticity
Although the polarity of vertical post-seismic deformation is the same in models with or without shear zones, the spatial details and time dependence of the deformation are quite different. Specifically, in models with both localized and distributed post-seismic creep at depth, the surface post-seismic deformation varies over the post-seismic period to a larger degree than in models with only distributed creep. In Fig. 5 we show the fault parallel component of horizontal deformation at a point 40 km from the centre of the fault in the post-seismic models with or without shear zones. (Along the transect through the centre of a finite length, strike-slip fault only the fault parallel component of the surface deformation is non-zero.) In the homogeneous substrate models (models HS19 and HS20), where the entire ductile lithosphere is approximated as a homogeneous Maxwell viscoelastic media, the post-seismic deformation follows a near exponential decay, manifest in the logarithm of postseismic velocities decaying linearly in time (i.e. log-linear), with one characteristic relaxation timescale (Fig. 5b) . In the SLC model, the post-seismic deformation is also very close to an exponential decay (Fig. 5) , even though the vertical deformation is quite different from that in the homogeneous models (Fig. 2) . Post-seismic deformation in the SLC model over an increasingly longer duration will have an increasing deviation from a single exponential decay, as post-sesimic creep in the higher viscosity upper layer becomes more pronounced. In contrast, post-seismic deformation in the shear zone models (SZ19 and SZ20) does not follow a simple exponential decay, rather the deformation shows an initially fast decay, followed by a slower decay (Fig. 5) . That the deformation does not follow a Fig. 2(a) . Dashed coloured lines correspond to models with laterally homogeneous viscosity, while solid and dotted lines are models that also contain a shear zone (see Table 1 for model parameters). Thick, black dashed lines correspond to a Burgers viscoelastic model of Hetland & Hager (2005) with μ M = 3μ K = 30 GPa, η M = 3.8 × 10 18 Pa s, and η K = 1.3 × 10 18 Pa s. Inset in (b) shows the mechanical analog representation of Burgers viscoelasticity, where μ and η are shear moduli and viscosities, respectively, and subscript M or K refer to the steady or transient components, respectively. single exponential decay is clearest seen in the velocities, and there are at least two characteristic relaxation timescales (Fig. 5b) . That there is not a single relaxation timescale in these shear zone models is not surprising, as the initial phase of post-seismic deformation is due to creep primarily in the shear zone while later deformation is increasingly affected by creep in the higher viscosity surrounding region. The deformation in model SLC+SZ also exhibits decay that is not characterized by a single exponential decay, although owing to the more complicated distribution of creep at depth, the non-exponential-like decay is more subtle than in models SZ19 and SZ20 (Fig. 5) .
The non-exponential-like post-seismic deformation in the shear zone models is similar to the surface deformation predicted by postseismic models containing bi-viscous Burgers viscoelasticity. For illustration, we compare the fault-parallel surface deformation in the SZ20 model to the deformation in a model with Burgers viscoelasticity in Fig. 5 . We use the analytic solution of Hetland & Hager (2005) , which is a 2-D solution of the surface deformation due to post-seismic creep in a homogeneous viscoelastic substrate following an offset on an infinite length, vertical strike-slip fault within an upper elastic layer. In order to compare post-seismic surface deformation following an infinite length dislocation to that following a finite length dislocation, we include a constant scaling of the magnitude of post-seismic displacements in the 2-D Burgers model. This scaling accounts for the difference in the wavelength of surface deformation due to an infinite dislocation compared to the wavelength of deformation due to a finite dislocation. (In this section, our comparison is for illustrative purposes only and in Section 3.3 we compare the details of the 3-D post-seismic deformation field within the context of the 1997 Manyi earthquake.) The Burgers viscoelastic models are parametrized by the elastic shear moduli of the upper elastic layer and the lower viscoelastic substrate, which we assume are equal, the transient shear modulus, and the steady and transient viscosities (Fig. 5b inset) Pa s produces post-seismic deformation similar to as in the SZ20 model (Fig. 5) . These material parameters correspond to two timescales of 1.4 and 22.6 yr in the solution of the post-seismic deformation-note that these timescales are not the Maxwell or Kelvin-Voigt relaxation times, as described by Hetland & Hager (2005) . Assuming other ratios of the transient to elastic shear moduli, the viscosities of the Burgers model that closest resembles SZ20 differ. For instance with the transient shear moduli one half or equal to the elastic shear modulus, η M = 4.2 × 10 18 Pa s and η K = 1.3 × 10 18 Pa s or η M = 1.1 × 10 18 Pa s and η K = 1.1 × 10 18 Pa s, respectively. The similarity in the time dependence of the post-seismic surface displacements in the SZ20 and Burgers models is remarkable given that the mechanisms of post-seismic creep in the lower substrate are quite different in the two models. With a shear modulus of 30 GPa, the Maxwell relaxation times of the shear zone and background ductile lithosphere in model SZ20 are about 1 yr and 100 yr, respectively. While the Maxwell relaxation time of the shear zone is comparable to the faster of the timescales in the Burgers model, the Maxwell relaxation time of the background is much longer than the slower timescale in the Burgers model. There are slight differences in the post-seismic deformation between the two models, where in the SZ20 model the initial phase of post-seismic deformation transitions into the later phase more gradually than in the Burgers model (Fig. 5b) . With real geodetic data, that is subject to poor spatial and/or temporal sampling, it might be difficult to discern between the two mechanisms of post-seismic creep.
Application to the 1997 Manyi earthquake
In this subsection, we propose an alternative post-seismic model containing a lower crust shear zone and with only Maxwell viscoelasticity that can produce surface deformation similar to that in the RZV model. Our goal is not to attempt to find the optimal shear zone model that fits the interferometric measurements of postseismic ground motion following the Manyi earthquake. Rather, our aim is to illustrate that appealing to transient viscoelasticity may not be required to describe the 4 yr of post-seismic deformation. We compute the post-seismic deformation in the RZV model using VISCO1D and the same viscoelastic parameters, model geometry, and coseismic slip model as was used by R07. We consider the post-seismic deformation at 0.2, 0.4, 1, 2 and 4 yr following the earthquake, along the average LOS of the ERS-2 satellite. We consider Maxwell models without a lower crust shear zone, as well as with a 5 or 10 km wide shear zone below the trace of the Manyi earthquake. As above, we use RELAX to compute the post-seismic response in the models containing only Maxwell viscoelasticity. We use VISCO1D only to reproduce the preferred Zener viscoelastic model of R07 (i.e. model RZV). We assume a straight shear zone, with a strike given by the average strike of the Manyi fault in the coseismic slip model of Funning et al. (2007) , and extending to the edges of the model domain. We consider the viscosity of the shear zone, η sz , to be 1, 3 or 10 × 10 18 Pa s, and the viscosity of the surrounding medium, η bg , to be 1, 3 or 10 × 10 19 Pa s. One of the key observations R07 used to argue for Zener viscoelasticity was the time evolution of the post-seismic deformation inferred from the interferometric data. While there are several shear zone models that produce similar deformation as in the RZV model very early in the post-seismic period, the time evolution of the deformation is not similar (Fig. 6) . We find that a model with a 5 km wide shear zone, η sz = 10 18 Pa s, and η bg = 10 19 Pa s produces post-seismic deformation with a very similar spatio-temporal pattern as the RZV model (Fig. 6 ). There are discrepancies between the predictions of the two models adjacent to the eastern end of the fault trace, as well as adjacent to the central portion on the fault trace (Fig. 6c) . Specifically, the shear zone model predicts less LOS change to the north of the eastern end of the fault, and more LOS change adjacent to the central regions of the fault. The time dependence of the deformation in the shear zone model is remarkably similar to that in the RZV model ( Fig. 6e and f) . In contrast, the deformation in other shear zone models that also produce similar spatial patterns of deformation early in the post-seismic period exhibit less transience than predicted in the RZV model (Fig. 6e and  f) . A model with a 10-km wide shear zone and η sz one-half an order magnitude larger than the preferred shear zone model is also able to capture the transience of the near-field post-seismic deformation, although underpredicts the velocities farther from the fault (Figs 6d-f) .
D I S C U S S I O N
As these models show, the polarity of vertical deformation is a discriminant for the existence of high viscosities immediately below the seismogenic layer, and not localized versus distributed postseismic creep at depth. As the thickness of the high viscosity layer decreases and/or the viscosity contrast between the middle layer and the substrate decreases, the surface deformation will start to approach that in the homogeneous model. That previous researchers found opposite polarity vertical deformation in models with localized or distributed post-seismic mechanisms was most likely due to the fact that in their distributed deformation models the upper coseismic offsets did not extend completely though the upper elastic layer (Pollitz et al. 2001; Hearn 2003; Feigl & Thatcher 2006) . Not extending the coseismic slip to the elastic-viscoelastic transition effectively results in a thin viscoelastic layer, with relaxation time much longer than the post-seismic period, between the coseismic dislocation and the lower Maxwell viscoelastic substrate. That the polarity of vertical post-seismic deformation depends on the depth in the upper elastic layer that the coseismic slip extends to was demonstrated by Yang & Töksoz (1981) , and also shown by Hearn (2003) .
Our conclusion that the vertical deformation provides discriminating power on the vertical gradients in viscosities with depth, is in line with the findings of Freed et al. (2006) . Freed et al. (2006) considered several scenario post-seismic models to describe the horizontal deformation following the 2002 Denali earthquake, and presented the predictions of vertical deformation in those models. They found that the polarity of vertical post-seismic deformation was opposite in models of kinematic after-slip and only upper mantle distributed flow. They also found that the near-field vertical postseismic deformation in a model including only lower crustal flow was the same polarity as the upper mantle flow model. It is important to note that in their lower crustal flow model they included a depthdependent viscosity in the lower crust and the viscosities did not fall below 10
19 Pa s until about 30-km depth, and thus is more similar to the SLC model than the homogeneous viscoelastic substrate models we consider in this paper. The lower crustal flow model of Freed et al. (2006) did predict far-field vertical velocities with opposite polarity as the upper mantle flow model, although these far-field velocities might be more influenced by the assumption of a purely elastic upper mantle in this model. DeVries & Meade (2013) showed that an interseismic model with a homogeneous Maxwell viscoelastic layer between an upper elastic layer and lower elastic substrate can describe both transient post-seismic and late interseismic deformation observed around the Kunlun fault in Tibet. In their model the lower elastic substrate may be replaced with a Maxwell viscoelastic substrate as long as the Maxwell relaxation time is sufficiently long compared to the fault loading timescale. Whether such transient deformation throughout the interseismic period can be equivalently explained by a model with more subtle viscosity contrasts or with a depth-dependent viscosity in the lower crust is not known. Hetland & Hager (2005) argued that two layer Maxwell models do not produce significant transient deformation over the post-seismic period even with the relaxation time of the lower-most region four orders of magnitude larger than that of the upper Maxwell layer; however, it is important to note that the models they explored were only of post-seismic deformation over time spans of about 30 yr for a reasonable viscosity of 10 19 Pa s in the subseismogenic layer and shear modulus of 30 GPa.
The correspondence principle of viscoelasticity states that a solution to an entirely elastic problem can be transformed to a solution for a linear viscoelastic problem via a Laplace or Fourier transform (e.g. Flügge 1967) . The Correspondence principle is commonly utilized to construct solutions of time-dependent post-seismic and interseismic deformation from elastic dislocation models (e.g. Savage & Prescott 1978; Hetland & Hager 2005; Barbot & Fialko 2010) . Savage (1990) further used the Correspondence Principal to construct an elastic model containing time-dependent kinematic slip on a collection of buried dislocations on the down-dip extension of the seismogenic fault, that is equivalent to the surface deformation in a 2-D out-of-plane, strike-slip fault model with Maxwell viscoelasticity. In models of 3-D viscoelastic deformation driven by finite length faults, any equivalence between post-seismic deformation in viscoelastic models and elastic models composed of a collection of deep dislocations with prescribed kinematic slip breaks down. However, three, distinct sets of equivalent time-dependent, left-lateral strike-slip elastic dislocations on the deep extension of the upper crust fault can be inferred that independently produce good matches to each of the three components of surface deformation in the HS19 or SZ20 models. One set that simultaneously produces a fairly close match to the two horizontal components of post-seismic deformation can also be inferred in laterally homogeneous viscoelastic models, both with and without a high viscosity layer below the seismogenic layer. For example, Freed et al. (2006) clearly demonstrated that horizontal post-seismic deformation following the Denali earthquake could be successfully described by either distributed creep at depth or kinematic after-slip on the deep extension of the seismogenic fault. In contrast, when there is a high viscosity layer immediately below the upper elastic layer there is no set of strike-slip elastic dislocations, with the same sense of slip as the coseismic offset, beneath the fault that can match the vertical deformation. This lack of equivalent elastic dislocations is due to the fact that polarity of vertical post-seismic deformation is reversed. Including deep dislocations with the sense of slip opposite to the coseismic slip may increase the ability to find a set of kinematic dislocations that would produce vertical surface deformation similar to that in the viscoelastic models with a high viscous subseismogenic layer.
The shear zone models we consider idealize the viscosity structure of the ductile lithosphere to assume that viscosity is uniform both inside and outside of the shear zone. Hines & Hetland (2013) considered the more general case where the viscosity in the lower crust and mantle may be depth dependent, and found that surface deformation at any time during the interseismic period could be fairly well approximated by models with uniform viscosities in layers representing the lower crust and upper mantle. However, the uniform lower crust and upper mantle viscosities that best represented the instantaneous velocities were in general biased representations of the true viscosity structure at depth. Hines & Hetland (2013) further showed that in earthquake cycle models containing a low viscosity shear zone surrounded by a higher viscosity lower crust and upper mantle, the early post-seismic velocities were only sensitive to the viscosities of the shear zone. On the other hand, interseismic deformation during most of the later interseismic period is sensitive to the viscosities outside of the shear zone. It is important to note that Hines & Hetland (2013) only considered instantaneous velocities, and not how the velocities decay through time. Here, we show that both viscosities in the shear zone and in the surrounding region affect the temporal behaviour of the post-seismic deformation. While the earliest post-seismic deformation is most affected by creep predominantly in the shear zone, and hence most sensitive to the shear zone viscosity, over time as creep becomes more important outside the shear zone, the deformation is more sensitive to the viscosities outside the shear zone.
A purely Maxwell viscoelastic model containing both localized creep in a subseismogenic shear zone and distributed creep in the surrounding lower crust may be an alternative model of the postseismic deformation following the 1997 Manyi earthquake. Such a Maxwell viscoelastic model is in contrast to the transient Zener viscoelastic model proposed by R07 to describe that post-seismic deformation. The shear zone models contain more free parameters than the homogeneous Zener viscoelastic models, and thus it may not be as simple to find the optimal model parameters to fit the observed post-seismic deformation. However, with a limited exploration, we found a shear zone model that produces spatio-temporal patterns of surface deformation remarkably similar to that of the preferred Zener model of R07, model RZV. While the shear zone model can match most of the post-seismic deformation field, there are obvious discrepancies close to the fault. Specifically, the shear zone model has less LOS range change at the eastern end of the fault and more LOS change near the centre of the fault trace compared to predicted by the RZV model (Fig. 6) . Most of the post-seismic models containing shear zones we tested predict low LOS range change at the eastern extent of the fault, although not all predict the same extent or magnitude of LOS range change in the centre. It is interesting to note that the interferometric measurements of R07 do contain relatively low LOS measurements at the eastern end of the fault (Fig. 1) , and the RZV model over-predicts the LOS deformation in this region, while slightly under-predicts deformation towards the middle of the fault trace [cf. fig. 20 of Ryder et al. (2007) ]. Bell et al. (2011) measured the interseismic deformation prior to the Manyi earthquake using InSAR. They found that 2-D elastic models of strain accumulation (i.e. the classic arc-tangent function of Savage & Burford 1973 ) with a slip rate of 3 ± 2 mm yr −1 and locking depth of 22 ± 15 km described the InSAR measurements reasonably well. This rate is an order of magnitude below the post-seismic deformation rates (R07; Bell et al. 2010) . Bell et al. (2011) concluded that if their inferred slip-rate represented the long-term fault loading rate, a Manyi sized earthquake would occur on order every 10 3 yr. For an elastic strain accumulation model to be valid over the entire interseismic period, and thus for a geodetically inferred slip rate at any given time in the earthquake cycle to be representative of the long-term geologic slip rate, the characteristic steady relaxation timescale of the ductile lithosphere has to be larger than the average recurrence time of the earthquakes (e.g. Savage & Prescott 1978; Hetland & Hager 2005; Meade et al. 2013) . This would imply that the steady relaxation time would need to be greater than on order 10 3 yr (equivalent to a Maxwell viscosity of about 10 21 Pa s) if the slip-rate estimated by Bell et al. (2011) represented the geologic fault loading rate. This is significantly longer than the ∼10 yr steady relaxation time inferred by Ryder et al. (2011) , which is the same as the relaxation time of the region outside the shear zone in the model we propose. As these inferred steady relaxation times are appreciably shorter than the 10 3 yr relaxation time for an elastic strain accumulation model to hold over the entire interseismic period, it may be that the 3 ± 2 mm yr −1 slip-rate inferred by Bell et al. (2011) prior to the Manyi earthquake does not represent the long-term geologic fault slip rate-a point also recognized by Bell et al. (2011) as probable. Alternatively, it may be that the 10 yr relaxation time inferred from post-seismic deformation by Ryder et al. (2011) is itself a second component of transient creep, and that the steady relaxation time of the ductile lithosphere is much longer. Likewise, the viscosity of the surrounding region in the shear zone model we propose may correspond to a transient viscosity, while the steady viscosity of the surrounding lower crust may be much larger than 10 yr. In these cases, the slip rate inferred by Bell et al. (2011) may be representative of the long term fault slip rate. In both the preferred Burgers models of Ryder et al. (2011) and the shear zone models presented here, the heightened transient post-seismic velocities would continue for at least a decade, which is the Maxwell relaxation time of either the Burgers viscoelastic model or the region outside the shear zone. However, over longer periods it is likely that the Burgers viscoelastic models and the Maxwell viscoelastic shear zone models will predict different deformation, particularly as the initial transient creep in the Burgers viscoelastic model is stress recoverable, whereas in a fully Maxwell viscoelastic model, all phases of relaxation are permanent.
In post-and interseismic deformation models which include an infinitesimal viscous shear zone embedded in an elastic medium, the surface deformation depends on not just the viscosity of the shear zone, η sz , but on η sz /W, where W is the thickness of the shear zone Montési 2004; Hetland et al. 2010) . It follows that it would be impossible to constrain η sz and W independently from surface deformation. In the case when the width of the shear zone has finite thickness, for instance comparable to the thickness of the upper elastic layer, η sz and W affect the surface deformation in different ways. For example, in the shear zone models of the Manyi post-seismic deformation, models with increasing W do require increasing η sz for post-seismic deformation to stay roughly similar, although the deformation in the wider shear zone models is lower magnitude and less transient in the far-field (Fig. 6) . With incomplete geodetic data, either with limited spatial coverage or poor temporal sampling, it might be difficult to uniquely constrain both W and η sz independently, although as long as W is finite it is theoretically possible.
C O N C L U S I O N S
We consider a suite of idealized post-seismic models with and without shear zones and that approximate the ductile lithosphere with only Maxwell viscoelasticity. We focus on both the polarity of vertical deformation (i.e. the pattern of uplift/subsidence surrounding the fault) and the transient behaviour of post-seismic deformation predicted in Maxwell viscoelastic models with shear zones. We demonstrate that the polarity of vertical deformation is a discriminant for the existence of high viscosities immediately below the seismogenic layer, and not localized versus distributed post-seismic creep at depth. The polarity of vertical post-seismic deformation is opposite to the polarity of the near-field coseismic deformation only in models that include a high viscosity layer between the elastic by guest on May 28, 2014 http://gji.oxfordjournals.org/ Downloaded from layer and the underlying substrate (Fig. 2) . The reversed polarity of the vertical deformation is true regardless of whether the model contains purely distributed creep (Fig. 2e) or also includes a component of localized creep immediately below the fault (Fig. 2f) . As the thickness of the high viscosity layer decreases and/or the viscosity contrast between the middle layer and the substrate below decreases, the surface deformation will start to approach that of a model in which the lower Maxwell substrate is homogeneous (Fig. 4) . Transient post-seismic deformation, characterized by a fast relaxation phase followed by a slower relaxation phase, might be described by either models with a homogeneous transient viscoelastic substrate or models that include a low viscosity shear zone beneath the fault embedded in a higher viscosity background (Fig. 5) . Hence, conclusions that transient viscoelasticity is required to explain post-seismic deformation may not be unique, and it is important for researchers to also consider the possibility of localized, steady (i.e. Maxwell viscoelastic) post-seismic creep in finite width shear zones. Ryder et al. (2007) found that the post-seismic deformation following the 1997 M w 7.6 Manyi, China, earthquake was best described using a model containing transient viscoelasticity. We find that a post-seismic model that only contains steady Maxwell viscoelasticity, but includes both localized creep in a subseismogenic shear zone and distributed creep in the surrounding layer, may be an alternative model of that observed post-seismic deformation. Specifically, we find that a model with a 5 km wide shear zone, η sz = 10 18 and η bg = 10 19 Pa s produces post-seismic deformation with a very similar spatio-temporal pattern as the preferred transient viscoelastic model of Ryder et al. (2007; Fig. 6 ).
